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Abstract

Amino acid substitutions in the kinase domain of the human CSF1R protein are associated with
autosomal dominant adult-onset leukoencephalopathy with axonal spheroids and pigmented
glia (ALSP). To model the human disease, we created a disease-associated mutation
(Glue31Lys; E631K) in the mouse Csflr locus. Previous analysis demonstrated that
heterozygous mutation (Csf1rE631K*) had a dominant inhibitory effect on CSF1R signaling in
vitro and in vivo but did not recapitulate the pathology of the human disease. We speculated
that leukoencephalopathy in humans requires an environmental trigger and/or epistatic
interaction with common neurodegenerative disease-associated alleles. Here we examine the
impact of heterozygous Csflr mutation on microglial phenotype, normal postnatal brain
development, age-related changes in gene expression and on two distinct pathologies in which
microgliosis is a prominent feature, prion disease and experimental autoimmune encephalitis
(EAE). The heterozygous Csf1rE631K* mutation reduced microglial abundance and the
expression of microglial-associated transcripts relative to wild-type controls at 12 weeks and
43 weeks of age but had no selective effect on homeostatic markers such as P2ryl2. An
epistatic interaction was demonstrated between Csf1rf631K* and Cxc3r1ECFP* genotypes
leading to dysregulated microglial and neuronal gene expression in both hippocampus and
striatum. Heterozygous Csf1rf631K mutation reduced the microgliosis associated with both
diseases. There was no significant impact on disease severity or progression in prion disease.
In EAE, induced expression of inflammation-associated transcripts in the hippocampus and
striatum was suppressed in parallel with microglia-specific transcripts, but spinal cord
demyelination was exacerbated. The results support a dominant-negative model of CSF1R-
associated leukoencephalopathy and likely contributions of an environmental trigger and/or

genetic background to neuropathology.
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Introduction

Signals from the colony stimulating factor 1 receptor (CSF1R) are required for survival,
proliferation, and differentiation of mononuclear phagocyte populations throughout the body
including microglia in the brain (Chitu and Stanley, 2017; Hume et al., 2020; Keshvari et al.,
2021; Patkar et al., 2021). CSF1R has two ligands, colony stimulating factor 1 (CSF1) and
interleukin 34 (1L34) (Lelios et al., 2020). Upon ligand binding, CSF1R dimerization and
autophosphorylation generates phosphotyrosine docking sites for multiple downstream effector
pathways (Chitu and Stanley, 2017; Stanley and Chitu, 2014). Biallelic recessive loss-of-
function mutations in mouse, rat and human CSF1R genes are causally linked to osteopetrosis
and postnatal developmental abnormalities (reviewed in (Chitu et al., 2021; Hume et al., 2020).
In 2011, Rademakers et al (Rademakers et al., 2011) identified amino acid substitutions in the
tyrosine kinase domain of CSF1R in patients with autosomal dominant adult-onset
leukoencephalopathy with axonal spheroids and pigmented glia (ALSP), now also called
CSF1R-related leukoencephalopathy (CRL) (Chitu et al., 2021). More than 140 different
disease-associated CSF1R coding mutations have been identified (Chitu et al., 2021; Guo and
Ikegawa, 2021; Konno et al., 2018; Konno et al., 2017; Oosterhof et al., 2019).

We recently published the characterisation of a transgenic mouse line with a disease-associated
Csflr mutation (substitution of lysine for glutamine at position amino acid position 631,
abbreviated to E631K, equivalent to E633K in humans). Like human patients with
heterozygous CSF1R mutations (Tada et al., 2016), heterozygous mutant mice (Csf1rE831K/+)
had reduced density of microglia with altered morphology. They were less responsive to CSF1-
induced bone marrow cell proliferation in vitro and to treatment with a CSF1-Fc fusion protein
in vivo (Stables et al., 2022). These findings supported a dominant-negative model for ALSP
in which mutant receptors are expressed on the cell surface, bind and internalise the ligand, but

compromise signalling from the receptor produced by the wild-type (WT) allele (Pridans et al.,
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2013). Further support for a dominant-negative model was provided by analysis of a kinase-
dead Csflr mutation in zebrafish and brain tissue from affected individuals (Berdowski et al.,
2022). In patients, kinase-dead CSF1R homodimers and heterodimers may also compete for
ligands with the functional receptor dimers (Hume et al., 2020). Similar dominant kinase-dead
mutations have been reported in the closely-related Kit gene in mice and in human piebaldism
(Oiso et al., 2013; Reith et al., 1990). The alternative disease model is that the loss of 50% of
CSF1R expression or function (haploinsufficiency) is sufficient to give rise to neuropathology
(Chitu et al., 2021). Heterozygous Csflr mutation on a C57BI/6J mouse genetic background
gave rise to microgliosis and evidence of neuropathology with variable penetrance that
depended in part upon diet (Chitu et al., 2020; Chitu et al., 2015; Chitu et al., 2021). However,
although there are focal concentrations of macrophages in lesions in end-stage ALSP, the
predominant feature is depletion of microglia rather than microgliosis (Berdowski et al., 2022;
Oosterhof et al., 2018; Tada et al., 2016).

Microglia have been ascribed numerous roles in brain development, maturation, synaptic
plasticity and in neurodegeneration (Paolicelli et al., 2022). Against that background, normal
brain development in the absence of microglia in mice with a homozygous Csflr enhancer
mutation (Csf1rAFIRE/AFIREY \was surprising (Rojo et al., 2019). Subsequent analysis of these
mice suggested that the lack of microglia led to an age-dependent loss of myelin integrity with
similarities to ALSP supporting the view that microglial deficiency rather than microgliosis
underlies neuropathology in patients (McNamara et al., 2023). The trophic functions of
microglia were also evident in accelerated pathology observed in models of prion disease and
Alzheimer’s dementia in their absence (Bradford et al., 2022; Kiani Shabestari et al., 2022).
Microglia-deficient Csf1rAFIRE/AFIRE mice show evidence of age-dependent pathology,
including demyelination (McNamara et al., 2023) and vascular calcification in the thalamus

that was reversed/prevented by restoration of microglia {Chadarevian, 2024 #409; Munro et
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al., 2024). Csflr* mice were reported to exhibit neuropathologies including ventricular
enlargement, thinning of the corpus callosum and axonal spheroids in common with ALSP
patients (Chitu et al., 2015). Our previous analysis of the Csf1rf631K* mice including MRI,
provided no evidence of any comparable brain pathology even up to 15 months of age (Stables
etal., 2022).

Chitu etal. (Chituetal., 2015) reported that by 11 weeks of age, Csf1r*- mice on the C57BL/6J
background developed a mild microgliosis (20-30% increase) throughout the brain detected by
localisation of IBA1 antigen (encoded by Aifl). By contrast, Csf1rf631K* mice showed a
consistent 30-40% reduction in IBA1* microglia across all brain regions (Stables et al., 2022).
Arreolaet al. (Arreola et al., 2021) reported the loss of presynaptic surrogates and perineuronal
nets in Csf1r*- mice that was reversed by microglial elimination. Aside from the reduction in
density, microglia in Csf1r¥631K* mice showed reduced dendritic arborisation (Stables et al.,
2022). Altered morphology is considered an indication of reactive microglia, a feature of
human ALSP (Kempthorne et al., 2020; Tada et al., 2016). In a model of Cre-induced
heterozygous mutation of Csflr (Arreola et al., 2021), microglial dyshomeostasis was evident
from reduced expression of microglia-enriched markers such as P2RY12. By contrast,
comparative immunolocalization of P2RY 12 and TMEM119 in Csf1r*"* and Csf1rE631K/* cortex
revealed no difference in the staining intensity and punctate distribution of these markers
(Stables et al., 2022)

An important tool in the study of microglial biology has been the development of orally-
available brain-permeant CSF1R kinase inhibitors (Green et al., 2020; Liu etal., 2021; Montilla
et al., 2023). Whilst studies of these drugs can be of interest from a purely pharmacological
viewpoint, there are several caveats to interpretation. Pharmaceutical elimination of microglia
produces dead cells which must be cleared, and off-target effects on related kinases and impacts

on the peripheral macrophage populations which also depend upon CSF1R signals cannot be
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excluded. Aside from the direct relevance to human disease, the heterozygous Csf1rE631K/+
mouse provides a unique alternative model in which to assess the quantitative importance of
CSF1R signalling in brain homeostasis and pathology. Here we explore the impact of the
dominant Csflr mutation on microglial homeostasis, brain development and models of

neuropathology.
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Results

Phenotypic analysis of Csf1rE®31K* mice

Microglia are so abundant in brain that the expression signature and impact of Csflr loss of
function can be readily detected in total tissue MRNA (Patkar et al., 2021; Rojo et al., 2019).
Such analysis avoids artefacts associated with microglial isolation, including incomplete and
unrepresentative recovery, activation during isolation and contamination with mRNA from
unrelated cells (reviewed in (Hume et al., 2023)). To assess the impact of the heterozygous
Csf1rE631K genotype we profiled expression by RNA-seq in hippocampus and striatum at 12
weeks and 43 weeks of age. In view of the male bias reported for the Csflr*- model (Chitu et
al., 2015) and reported transcriptomic differences in microglia from male and female mice
(Guneykaya et al., 2018; Hanamsagar et al., 2018; Villaet al., 2018), we profiled equal numbers
of males and females. The complete dataset is provided in Table S1A. With the exception of
the male-specific expression of Y chromosome-specific transcripts (Ddx3y, Eif2s3y, Kdm5d,
Uty) the male or female-enriched expression of specific transcripts reported previously
(Guneykaya et al., 2018; Hanamsagar et al., 2018; Villa et al., 2018) was not replicated in our
data in hippocampus or striatum at either age. To identify co-regulated transcripts, the dataset
was clustered using the network analysis software, Graphia (Freeman et al., 2022); Clusters
and their patterns of shared expression (average expression of all transcripts within the cluster)
are provided in Table S1B. The largest clusters are age-specific and/or brain region-specific
and unrelated to genotype. Cluster 1, around 4000 transcripts, groups based upon selective
down-regulation with age in both brain regions. Striatum-enriched transcripts in Cluster 4 were
also selectively down-regulated with age. However, Cluster 13, containing Csflr, was the only
cluster clearly associated with Csflr genotype in both brain regions and at both ages. Figure
1A shows the average expression of the 36 transcripts in this cluster. They are a subset of the

CSF1R-dependent transcripts identified by profiling of the brains of microglia-deficient mice
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(Rojo et al., 2019), in mice treated with a CSF1R kinase inhibitor (Arreola et al., 2021; ElImore
et al., 2014) and in brain tissue from ALSP patients (Berdowski et al., 2022). This pattern is
entirely consistent with the reduced density of IBAL* microglia detected by
immunohistochemistry (Stables et al., 2022). The profiles of individual microglia-specific
transcripts (Figure 1B) suggest a subtle change in microglial phenotype with age, notably
down-regulation of P2ryl12 relative to other markers but unlike the reported microglial
dyshomeostasis in Csflr*- mice (Arreola et al., 2021) there was no relationship to Csflr
genotype. Furthermore, Csf2, reported to drive microgliosis in Csflr*- mice (Chitu et al.,
2020), was barely detectable. The most recent report on the Csflr*- model described an
increase in Trem2 mMRNA and evidence that TREM2 participates in demyelination (Biundo et
al., 2023a), but both Trem2 and Tyrobp (encoding the signal transducer DAP12) were reduced

equally in hippocampus and striatum of Csf1rE631K* mice at both ages (Table S1).
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Figure 1.

The effect of heterozygous Csf1rE®3K mutation on gene expression in the hippocampus and
striatum.

RNA-Seq analysis was performed on hippocampus and striatum from Csf1r*’* and Csf1r63** mice
at 12 and 43 weeks of age (n = 4-7/group). Gene-to-gene co-expression cluster analysis was
conducted using Graphia as described in Materials and Methods. Clusters were generated at r > 0.8
and MCL inflation value 1.5. The full data set and cluster lists are provided in Table S1A and S1B.
(A) Average expression profile of co-expressed genes in cluster 13 (36 genes). X-axis shows the
individual samples with columns coloured by group group (black — Csf1r’*; teal - Csf1rE631K/+). y-
axis shows average expression of all genes contained in the cluster in TPM. (B) Gene expression
profiles for individual selected genes. Y-axis shows the expression level in TPM. Significance values
are not shown on the plots. The full list of pairwise expression comparisons based upon Csflr

genotype can be found in Table S4.

The expression analysis did not reveal significant changes in abundance of key genes such as
parvalbumin (Pvalb) aggrecan (Acan), synaptophysin (Syp) or bassoon (Bass) encoding
proteins with reduced expression in Csflr*- mice (Arreola et al., 2021). Unlike microglia-
specific transcripts, markers of brain-associated macrophages, including Cd163, Mrcl, Lyvel
and Cd74 were reduced only in the hippocampus at 12 weeks and normalised by 43 weeks
(Table S1A). Cluster 1 includes transcripts associated with the vasculature and pericytes (e.g.
Sox17/18, Flt1, Esam, Cdh5, Pecaml, Nos3, Pdgfb Pdgfrb, Ptprb) each reduced by >50% in
both hippocampus and striatum at 43 weeks, consistent with published analysis (Chen et al.,
2020) as well as Dcx, Neurodl, Ncam2 and Nes likely reflecting reduced neurogenesis with
age (Yousef et al., 2019). However, in neither brain region was there any evidence of an effect
of Csf1rE631K* genotype on region-specific or age-dependent changes in gene expression.

Notably, there was no significant increase in Serpina3n or C4b, markers of oligodendrocyte
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dysregulation in microglia-deficient mice (McNamara et al, 2023). We conclude that aside
from reduced microglial density, the dominant Csflr mutation has no significant effect on
microglial gene expression, brain development or function. This conclusion is consistent with
the previous failure to detect any effect of the heterozygous mutation in behavioral or motor-
related assays, brain architecture or pathology (Stables et al., 2022).

Epistatic interaction between Csf1rE631K+ and Cx3cr1ECFP* mutations.

The Cx3crl-EGFP line generated by Jung et al. (Jung et al., 2000) has been widely used in
studies and macrophage and microglial biology. A common assumption in the use of these
mice, and subsequent use of a Cx3crl-cre knock-in (e.g. (Arreola et al., 2021)) is that
heterozygous Cx3crl loss of function arising from the EGFP insertion has no phenotypic
impact. However, Rogers et al. (Rogers et al., 2011), in a study of homozygous mutation of the
receptor on hippocampal development and plasticity, reported an intermediate phenotype in
heterozygotes and Gyoneva et al. (Gyoneva et al., 2019) described a transcriptional signature
of premature aging in Cx3cr15¢FP* microglia. Cx3crl is expressed exclusively in microglia
and homozygous mutation impacts multiple aspects of brain development, including synaptic
plasticity and glutamatergic neurotransmission (Basilico et al., 2022; Basilico et al., 2019;
Lauro et al., 2008). To test potential epistatic interactions between Cx3crl and Csflr loci in
control of brain development, we examined the effect of the Cx3cr1-EGFP insertion mutation
in Csf1rE8K* mice. In simple terms, we predict that microglia in a double heterozygote will
be both reduced in number and dysfunctional.

Compared to WT, Csf1rE®3K* mice have around 40% fewer microglia (Stables et al. 2022).
Figure 2A and B show flow cytometry analysis of microglia isolated from WT or Csf1rE631K/+
mice on the heterozygous Cx3cr1l-EGFP background using conventional markers CD45 and
CD11b. The reduction in microglial abundance in Csf1rf%X* mice is compatible with

previous observations and confirms that neither mutation alters the relative expression of the
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two markers. By contrast to reduced CSF1R protein expression observed in peripheral
macrophage populations (Stables et al. 2022) the Csf1rf631K mutation did not alter the levels of
cell-surface CD115 (CSF1R) detected on isolated microglia (Figure 2C, D). To compare
microglial number across all four genotypes, brain sections from young adult mice were
examined using either Csflr-EGFP or Cx3crl-EGFP as indicators. Throughout the brain,
microglial cell bodies appeared less dense in Csf1r¥631K* compared to wild-type. Figure 2E
shows representative images of microglia in striatum. Quantitation in cortex (Figure 2F) and
hippocampus (Figure 2G) confirmed a significant reduction in detection of Cx3crl-EGFP*

cells in Csf1rE831K* prains.
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Figure 2.
The effect of heterozygous Cx3crl mutation on Csf1rf%K* microglia

(A) Representative flow cytometry plots of microglia in dissociated brain tissue from Csfilr**;
Cx3cr1ECFP* and Csf1rEe31K+; Cx3cr15¢"* mice. (B) Quantitative analysis of microglia as a % of all
live cells. (C) Overlaid, representative histograms for CD115 staining of microglia for each genotype
and FMO control. (D) Quantification of CD115 mean fluorescence intensity (MFI). n = 5-7/group. (E)
Representative images of GFP* microglia in striatum in Csflr*’*; Cx3cr1**, Csf1rf¢3K*: Cx3cri*,
Csflr**; Cx3cr15¢P* and Csf1rE63iK/*: Cx3cr1ECFP* mice as indicated. In the upper panels, the reporter
is Csf1r-EGFP. In the lower panel, the reporter is Cx3crl-EGFP. Scale bar = 25 pm. Microglial
density detected with the two reporters, calculated as number of GFP* cell bodies/field of view in the
cortex (F) and hippocampus (G). Image analysis is described in Methods. n = 3-4/group. Student’s T

Test; * P<0.05, **P<0.01, ***P<0.005.

We next performed RNA-seq analysis on the hippocampus and striatum of adult (12 weeks
old) double heterozygotes compared to WT, Cx3cr1ECFP* and Csf1rE631K/* controls. The full
dataset is shown in Table S2A; ranked based upon the expression in double heterozygotes
(DHet, heterozygous for both Csflr and Cx3crl mutations) versus WT. As above, the dataset
was clustered using the network analysis software, Graphia (Freeman et al., 2022); clusters and
their patterns of shared expression (average expression of all transcripts within the cluster) are
provided in Table S2B. Cluster 1, nearly 4000 transcripts, groups transcripts based upon a
shared pattern of down-regulation in both hippocampus and striatum specifically in double
heterozygotes (Figure 3A), consistent with existence of genetic epistasis. Known microglia-
specific transcripts with clustered with Csflr in Cluster 12. Analysis of individual microglia-
specific transcripts (Figure 3B) indicated a complex interaction between the two mutations.
Consistent with the reported lack of dosage compensation (Faust et al., 2023), Cx3crl mRNA
was reduced by 50% in heterozygous mutant brains and was further reduced by a similar

proportion in the double heterozygotes relative to Csf1rE631K* Whereas the heterozygous
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Cx3crl mutation had no significant effect on the levels of the majority of microglia-specific
transcripts in hippocampus or striatum on either WT or Csf1rE®3K* genetic background
(highlighted in Table S2A), a small subset of homeostatic microglia-specific transcripts (Salll,
Ikzfl, P2ry12, Gpr34, Tgfbrl, Itgam) was further reduced in parallel with Cx3crl in double

heterozygotes (Figure 3B, Table S2A).
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Figure 3.

The effect of double heterozygous Csf1rE%3K and Cx3cr1ES™ mutations on gene expression in
hippocampus and striatum.

RNA-Seq analysis was performed on hippocampus and striatum from Csfir**; Cx3cri*”,
Csf1rE63t+: Cx3cr1*™*, Csfirt*; Cx3cr1E¢FP* and Csf1rEe31K*: Cx3cr15¢F* mice at 12-15 weeks
of age (n = 5-7/group). Gene-to-gene co-expression cluster analysis was conducted using Graphia
as described in Materials and Methods. Clusters were generated at r > 0.8 and MCL inflation value
2. The full data set and cluster list are provided in Table S2A and S2B. (A) Average expression
profile of co-expressed genes in cluster 1 (3868 genes). X-axis shows the individual samples with
columns coloured by group; Y-axis shows average expression of all genes contained in the cluster
in TPM. (B) Gene expression profiles for individual selected genes. Y-axis shows the expression
level in TPM. Significance values are not shown on the plots. The full list of pairwise comparisons

for individual transcripts between controls and double heterozygotes can be found in Table S4.

The transcripts in Cluster 1 share a pattern but the extent of selective reduction of individual
transcripts in double heterozygotes varies. Amongst the more abundant transcripts decreased
in both regions, we identified subunits of neurotransmitter receptors (e.g Gabral/4, Gabrgl,
Gabrb2, Gria2, Grik2, Grml/5), glutamate transporters (Slc6al), glutaminase (Gls) and
multiple transcription factors involved in neuronal development (e.g. Satbl, Sp3, Tcfll2,
Pou3f2, etc). These are highlighted in Table S2A and examples are shown in Figure 3B.
Conversely, in both hippocampus and striatum, there was a small set of abundant transcripts
increased in the double heterozygotes (Table S2A) including the metal-binding proteins, Mt1,
Mt2 and Ptms as well as Ptgds, a regulator of myelination (Pan et al., 2023). Arreola et al.
(Arreola et al., 2021) identified a set of transcripts up-regulated in the cortex in their Csfi1r*-
mice, albeit at 8 months of age. We found no significant change in expression of any of these

transcripts in either brain region.
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Microglia have been attributed many functions in neurogenesis in the hippocampus and
CX3CR1 signalling has been implicated (Rogers et al., 2011). A recent study indicated a role
for P2RY12 in microglia communication with neurogenic progenitors in the hippocampus
(Cserep et al., 2022). In view of the apparent reduction in both Cx3crl and P2ry12 in double
heterozygotes, we examined expression of neurogenic progenitor markers previously identified
by single cell RNA-seq (Artegiani et al., 2017). We detected small, but significant reductions
in progenitor-enriched transcripts including Dcx, Tcf4, Neurodl1, Homerl, Fgfr3, Sox2, Ncamz2,
Ephad, Zbtb18, Lrp8, Elavl2/3/4 specifically in Cx3cr1*-/Csf1rEK* hippocampus (Table
S2A). These data provide strong evidence for a functional interaction between Csflr and
Cx3crl and a model for the possible impacts of genetic epistasis between CSF1R and other
microglia-expressed genes in human neurodegenerative disease.

The response of Csf1rE83K* mice to prion infection

Microgliosis is a prominent histopathological characteristic that accompanies the accumulation
of disease-specific misfolded host prion protein (PrP=°) in the brain during the development of
prion disease (Aguzzi and Zhu, 2017). Microgliosis in prion diseases is associated with
increased expression of both Csfl and 1134 (Obst et al., 2017). Based upon the impacts of
depletion with CSF1R kinase inhibitors, microglia have been attributed roles in the initiation
of prion disease pathology (Carroll et al., 2018; Gomez-Nicola et al., 2013; Race et al., 2022).
However, we found that CNS prion disease was accelerated in the complete absence of
microglia in Csf1rAFIRE/AFIRE mice without any increase in PrPs¢ accumulation (Bradford et al.,
2022). Infectious prions consist of misfolded isoforms of the host cellular prion protein (PrP¢).
In the present study, the level of Prnp mRNA in hippocampus or striatum of Csf1rE631K* mice
was unaffected at either age (Table S1A) and the expression of PrPC protein in the brain was

similarly unaffected (Figure 4A,B).
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Figure 4.

The effect of heterozygous Csf1rE83 mutation on the response to prion infection

(A) Western blot detection of PrPC and loading control B-actin in mouse half brains (representative).
(B) Densitometry quantitation of the relative abundance of PrPC protein in brains from WT mice and
Csf1rf83%* mice. The relative abundance of PrPC protein in each sample was normalized to B-actin

and compared to the mean value in the brains of WT mice. Points represent individual mice. Ns. Not
significantly different, student’s t-test. Horizontal bar, mean. N=8 mice/group. (C) Survival curve
analysis following intracerebral prion challenge shows WT mice and Csf1rE63** mice succumbed to
clinical prion disease at similar times. N=4-7 mice/group. Log-rank (Mantel-Cox) test. ns, not
significant (D) Representative immunostaining of IBAL1" microglia in the CAl region of the
hippocampus of WT and Csf1r¥* mice. Scale bar 50 um. (E) Microglial density in the
hippocampus of WT mice and Csf1rf631¥* mice calculated via image analysis N=4-8 mice/group,
Student’s T Test; * P<0.05, **P<0.01. (F) Relative expression level of the microglia-associated
transcripts Cx3crl, Tmem119, P2ry12, Aifl, Itgam, 111b, 116, Tnf and Csflr in brain. Gene expression
was analysed by gRT-PCR and normalized to uninfected WT mice. Points represent individual mice.
Horizontal bar, mean. N=3-8 mice per group. Students T-test ns = not significant, *P<0.05, **P<0.01,

****P<(0.0001.

Groups of Csf1rE¢31K* mice and WT mice were infected with ME7 scrapie prions directly into
the CNS by intracerebral injection (Bradford et al., 2022). The prion-infected Csf1rf63K* mice
succumbed to clinical prion disease at similar times to WT mice (Csf1rE63K* mice 158 + 6
days, WT mice 170 + 12 days, respectively, P = 0.0545, n = 4-7 mice/group; Figure 4C).
Immunostaining for IBA1 confirmed that prion infection was accompanied by a 3-fold increase
in the density of microglia in the brains of WT mice at 140 dpi and at the terminal stage of
disease. In the Csf1r¥631K* mice, microglial density was reduced in baseline, preclinical and
terminal phases and residual IBAL1* cells appeared less ramified (Figure 4D, 4E). The

histochemical evidence of altered microglial density was supported by the reduced detection
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of microglia-expressed transcripts (Cx3crl, Tmem119, P2ryl12; Aifl, Itgam; Figure 4F) and
encoding the disease-induced pro-inflammatory cytokines (I1b, 116, Tnf) (Figure 4F).
Interestingly, Csflr mRNA was not substantially increased in disease in either WT or
Csf1rE631K* mice; likely reflecting the regulation of the gene in response to ligand stimulation
(Yue etal., 1993).

Others have suggested that microglia help to protect the brain against prion disease by
phagocytosing and sequestering prions (Carroll et al., 2018) but previous analysis of microglia-
deficient mice did not support this view (Bradford et al., 2022). Western blot analyses (Figure
5A, 5B) showed that the accumulation of PrPS¢ in the brain was unaffected in infected
Csf1rE631€* mice compared to WT despite the relative reduction in microglial density. The
magnitude and distribution of the neuropathology (vacuolation; Figure 5C,D) and reactive
astrocytosis (Figure 5C,E) was also indistinguishable in the brains of the clinically-affected
Csf1rE63€* mice and WT mice throughout the disease course. One of the impacts of prion
disease is extensive demyelination, also a feature of ALSP and the Csflr*- mouse model
(Biundo et al., 2023a). Figures 5F and 5G show the extensive demyelination associated with
terminal prion disease which was neither prevented, nor exacerbated, in the Csf1rE83K* mice.
Notably, the uninfected WT and Csf1rE631K* mice were also indistinguishable at this age (6-8

months).
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Figure 5.

The effect of heterozygous Csf1rf63K mutation on neuropathology associated with prion
infection

(A) Western blot detection of proteinase-K resistant prions in preclinical and terminal prion
infected brains. (B) Quantification of the relevant amounts of PrPS¢ prions by densitometry,
normalised by B-actin loading control and expressed relative to native PrP¢ abundance in naive
brain. Points represent individual mice, horizontal bar = mean. Students T-test, ns = not
significant. (C) Representative immuno- or histo-chemical staining reveals similar prion
accumulation (PrPS°), prion-specific vacuolation (Hematoxylin and Eosin) and astrocyte
reactivity (GFAP) in terminal vs naive brains of WT mice and Csf1rf63¥* mice. (D) Severity and
distribution of the vacuolar pathology in the brains of prion-infected WT mice and Csf1rE631K/*
mice. Vacuolation scored on H&E sections of each brain in the following 9 grey (G) matter and
3 white (W) matter brain regions: G1, dorsal medulla; G2, cerebellar cortex; G3, superior
colliculus; G4, hypothalamus; G5, thalamus; G6, hippocampus; G7, septum; G8, retrosplenial
and adjacent motor cortex; G9, cingulate and adjacent motor cortex; W1, inferior and middle
cerebellar peduncles; W2, decussation of superior cerebellar peduncles; and W3, cerebellar
peduncles. Groups as indicated. (E) Relative expression level of Gfap via qRT-PCR. N=3-8 mice
per group. Students T-test ns = not significant. (F) Representative images of luxol fast blue
staining of age-matched naive and terminal prion infected WT mice and Csf1rf¢* mice. (G)
Quantitation of luxol fast blue intensity. Points represent individual mice. Horizontal bars, mean.

N=5-6 mice per group. ANOVA with Tukey’s multiple comparisons. **** P<0.0001.

The response of Csf1rEs3K* mice to experimental autoimmune encephalitis (EAE)

The myeloid cell population of the brain is also increased in EAE, a widely-studied model of
multiple sclerosis, due to both proliferative expansion of the microglial cell population and
recruitment of blood monocytes (Ajami et al., 2011; Hagan et al., 2020; Hwang et al., 2022).

Several recent reports using CSF1R kinase inhibitors have implicated inflammatory microglia
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and monocytes in demyelination in EAE (Hwang et al., 2022; Montilla et al., 2023; Nissen et
al., 2018). We therefore tested the impact of the Csf1rE®3K* genotype in this experimental
model (Figure 6A). EAE was initiated by immunisation with myelin oligodendrocyte
glycoprotein (MOG35-55) and clinical scores were assessed as described (Bittner et al., 2014;
Khan et al., 2014). In view of the known sex differences in susceptibility (Bourel et al., 2021,
Wiedrick et al., 2021) this model was studied in females. For this experiment, the Csflr-EGFP
reporter (Sasmono et al., 2003) enabled visualisation of infiltrating myeloid cells.

Aside from a marginal acceleration of body weight loss, there were no significant differences
in disease pathology between WT and Csf1rE631K* mice (Figure 6 B-G). In EAE, Csf1r-EGFP*
myeloid cells were selectively increased in the involved white matter in the spinal cord
irrespective of genotype (Figure 6 H,I). However, immunolocalisation of myelin basic protein
(MBP) indicated a greater reduction in the MBP in the involved white matter of Csf1rE631K/+
compared to control mice (Figure 6 J,K). Microglia-astrocyte interaction has been strongly
implicated in the pathology of multiple sclerosis and EAE (Absinta et al., 2021). Based upon
quantitative analysis of GFAP, disease-associated astrocytosis in the spinal cord white matter

was significantly reduced in the Csf1rf3* mice compared to WT (Figure 6L).
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Figure 6. The effect of heterozygous Csf1rE83K mutation on disease progression in EAE.

(A) The timeline for EAE induction, clinical scoring, and rotarod assessment. Mice were euthanised
on day 23 post-EAE induction, or when they reached a clinical score of 3.5 (hindlimb paralysis
present with signs of forelimb weakness). (B) The baseline weight of each mouse was taken 2 days
prior to EAE induction and body weight changes were calculated daily. n=8-11 female mice/group.
Light grey box indicates that weight as a % of the baseline body weight was significantly reduced
in heterozygous mice, and dark grey in WT mice only. (C) The mean clinical scores for mice of
both genotypes from day 0 — 23. The day at which clinical score peaked (D), sum of daily clinical
scores at this peak (day 16 - E), and for mice that survived to the endpoint, day 23 (F). (G) The time
that each mouse remained on the accelerating rotarod was measured up to a maximum of 300s.
n=8-11/group. (H) Csflr-EGFP imaging in the spinal cord. Scale bar = 20 pm. The non-infiltrated
white matter (niWM), infiltrated white matter (iWM), and the grey matter were assessed in 3 spinal
cord sections (3 regions per section) per animal for the GFP+ % area (I). n = 3-4/group. (J)
Representative MMP and GFAP immunofluorescence staining in the spinal cord. Grey line
delineates WM from GM. Scale bar = 50um. The MBP+ (K) and GFAP+ (L) staining area (%) was
calculated in 3-4 sections per animal. n = 4/group.

* p<0.05 Mann-Whitney test.

Although the spinal cord is the key location of disease-associated demyelination underlying
motor dysfunction, microgliosis and microglial activation contributes to neuropathology
throughout the brain (Bourel et al., 2021; Diebold et al., 2023). To assess the effect of the
Csf1rE631K* mutation on this response, we performed total RNA-seq profiling of hippocampus
and striatum of mice of each genotype with a similar clinical score of 2 (hind limb
weakness/partial paralysis of hindlimbs). The results are shown in Table S3. The gene lists in
Table S3A are ranked based upon the ratio of expression in disease (EAE) versus control in
the WT cohort. Table S3B shows the co-regulated clusters identified by network analysis. By

contrast to previous reports (Hagan et al., 2020; Hwang et al., 2022) neither Csf1, nor 1134
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MRNA was increased in EAE in either brain region and both Csf2 and Csf3 remained
undetectable. A co-regulated cluster of 400 transcripts (Cluster 4) includes the majority of
microglia-specific transcripts identified above. The average profile is shown in Figure 7A and
expression of selected individual transcripts in Figure 7B. In broad terms, the increased
detection of microglial markers (Csflr, Aifl, Adgrel, Itgam) is consistent with >2-fold increase
in microglia in the hippocampus and somewhat less in striatum in response to EAE. The fold-
increase for microglia-related transcripts was not significantly different between Csf1r&631K/*
mice and WT, so the absolute abundance of all of the EAE responsive transcripts in Cluster 4
was reduced in both brain regions in the mutants. However, in both brain regions, disease was
associated with a much greater increase in detection of transcripts encoding class 11 MHC-
related (e.g Cd74, H2-Aa), effectors of the interferon response, inflammatory chemokines and
complement components (C3, C1qg, C4b) which also formed part of Cluster 4. Complement
component C3, identified as a key mediator of hippocampal neurodegeneration in EAE (Bourel
et al., 2021) was increased >20-fold in hippocampus. Increased expression of C1Q has been
implicated in astrocyte activation in EAE (Absinta et al., 2021). The astrocyte marker Gfap
was increased at least 2-fold in both brain regions (Figure 7B) and formed part of Cluster 14,
containing genes which share relatively elevated expression in hippocampus. The expression
of other transcripts in Cluster 14 was variable between replicates so the effect of the Csflr
mutation was not clear. On the other hand, genes associated with homeostatic microglial
function, including Salll, Cx3crl, Gpr34, P2ry12/13, Slc2a5, Tmem119 were either unaffected
or reduced (see P2ryl2 in Figure 7B) in response to EAE, again independent of Csflr
genotype. EAE has also been associated with functional alterations in brain endothelial cells
and the blood brain barrier (Munji etal., 2019). A recent single cell RNA-seq analysis (Fournier
et al., 2023) of EAE brain attributed some of the inducible genes in Cluster 4, notably Lcnl,

to endothelial cell activation. The presence of Lcnl within Cluster 4 suggests that it is actually
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primarily expressed by microglia. Munji et al (Munji et al., 2019) identified around 130
transcripts that were up-regulated in endothelial cells isolated from EAE brain at different
disease stages. We did not detect a significant increase in any of these markers. However,
Cluster 17 (Table 3B) groups transcripts that were down-regulated in EAE in both
hippocampus and striatum regardless of Csflr genotype. This Cluster contains Pecam1, Cdhb5,
Sox17 (Figure 7B) and many other endothelial cell markers, suggesting either endothelial loss

or dedifferentiation.
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Figure 7. Comparative analysis of changes in gene expression associated with EAE in Csf1r**
and Csf1rE3* mice.

RNA-Seq analysis was performed on hippocampus and striatum from Csf1r** and Csf1rE¢3<* mice
with or without EAE at 12-15 weeks of age (n = 3-7/group). All of the mice in the EAE group had
a clinical score of 2 (hind limb weakness/partial paralysis of hindlimbs). Gene-to-gene co-
expression cluster analysis was conducted using Graphia as described in Materials and Methods.
Clusters were generated at r > 0.8 and MCL inflation value 2. The full data set and cluster list are
provided in Table S3A and S3B. (A) Average expression profile of co-expressed genes in Clusters
4 (400 genes) and 17 (49 genes). X-axis shows the individual samples with columns coloured by
group; Y-axis shows average expression of all genes contained in the cluster in TPM. (B) Gene
expression profiles for individual selected genes. Y-axis shows the expression level in TPM.
Significance values are not shown on the plots. The full list of pairwise comparisons can be found

in Table S4.
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Discussion

This study has addressed two related issues, the molecular basis for leukoencephalopathy
associated with CSF1R mutations and the quantitative importance of CSF1R signalling in brain
homeostasis. Several recent studies have described a mild microgliosis and consequent
neuropathology in mice with a heterozygous null Csf1r mutation (Arreola et al., 2021; Biundo
et al., 2020; Biundo et al., 2023b; Chitu et al., 2020; Chitu et al., 2015). On this basis, a
haploinsufficiency mechanism for the human disease has been proposed (Chitu et al., 2021). It
is not yet clear that haploinsufficiency is sufficient to cause the human disease (Chitu et al.,
2021; Hume et al., 2020). As an alternative model to inbred mice, we detected no microglial
phenotype or neuropathology in aged Csflr*- rats (Patkar et al., 2021). The loss of microglia,
rather than microgliosis, appears to be the hallmark of the human disease (Berdowski et al.,
2022; McNamara et al., 2023; Oosterhof et al., 2018).

Regardless of whether a dominant-negative model is accepted, the Csf1rf%* mouse is
certainly heterozygous for a mutation that abolishes CSF1-dependent cell survival when
expressed in a growth factor-dependent cell line (Pridans et al., 2013) and phenocopies a
complete knockout when bred to homozygosity(Stables et al., 2022). The phenotype is quite
clearly distinct from Csflr*"- models studied by others (Chitu et al., 2021). In common with te
effect of similar heterozygous Csflr coding mutations in zebrafish and in patient brain
(Berdowski et al., 2022) we see a consistent reduction in microglial density, supported by the
loss of microglia-specific transcripts in RNA-seq analysis, rather than microgliosis. There are
several possible explanations for the different phenotypes reported for heterozygous Csflr
mutation in mice; environment, genetic background and genotype, including the nature of the
mutation. The original Csflr null mutation retains the targeting vector and was not generated
on a C57BL/6J background (Dai et al., 2002). In theory, the targeted allele could influence

expression of neighboring genes (notably Pdgfrb, which contains upstream regulatory elements
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controlling Csflr (Rojo et al., 2019)) and despite extensive backcross, could also retain linked
alleles from the parent 129 strain. One argument against that suggestion is that microgliosis
and neuropathology was also observed in a conditional heterozygous mutation (Csf1rf/*:
Cx3cr1®e™) (Arreolaetal., 2021; Biundo et al., 2020). However, that model is actually a double
heterozygote for Csflr and Cx3crl mutations (see below) and complicated further by the
known genotoxic effects of expression of Cre recombinase (Faust et al., 2023; Hume, 2023).
Chitu et al. (Chitu et al., 2021) reported that progression of neuropathology in the Csfir*-
model was accelerated by a high fat breeder diet and there is substantial literature linking
dietary fat and microglial function (e.g. (Kim et al., 2019)). Interestingly, Csf1rAF’RE” mice on
normal chow also showed evidence of microgliosis when analysed at UC Irvine (Stables et al.,
2022), the same facility as Arreola et al. (Arreola et al., 2021) but the same line in Edinburgh
had reduced microglia in the embryo {Munro, 2020 #254).

In the heterozygous null models, microgliosis has been associated with increased expression
of alternative microglial growth factors, Csf2 and Csf3 {Chitu, 2020 #194;Biundo, 2023 #337}.
These transcripts were not induced in Csf1r&631K* prain, even in the EAE model (Tables S1A,
S3A) and were also not detected in ALSP patient brains (Berdowski et al., 2022). Csf2 is
highly-expressed in innate lymphoid cells (ILC) associated with mucosal surfaces (Forrest et
al., 2014; Jacquelot et al., 2022). Since CSF2 crosses the blood brain barrier (McLay et al.,
1997) it is conceivable that Csflr* mice have an altered response to peripheral stimuli
including infectious agents. Whatever the explanation for microgliosis in Csfir*- mice, our
data and that of others (Berdowski et al., 2022) provides additional support for a dominant-
negative model for the impact of kinase-dead CSF1R mutations leading to reduced microglial
numbers and loss of their trophic functions. This model is compatible with more severe impacts
of complete loss of microglia and homozygous Csflr mutations (Chadarevian et al., 2024;

Chitu et al., 2021; Hume et al., 2020; McNamara et al., 2023; Munro et al., 2024).The
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distinction is clearly crucial, since we would argue that treatment with a CSF1R kinase inhibitor
(Arreola et al., 2021) would be likely to accelerate rather than inhibit disease progression in
patients.

The Csflr*- model of neuropathology depends upon the C57BI/6J inbred mouse genetic
background. Compared to other strains, C57BL/6J mice have a wide range of genetic variants
that impact macrophage function including a coding variant in the Csflr gene (Hume, 2023).
The Csflr*- brain phenotype includes ventricular enlargement (Chitu et al., 2015). C57BL/6J
mice exhibit strain-specific susceptibility to development of hydrocephalus in response to a
diverse array of mutations affecting ependymal cells (Hume, 2023). Microglial activation could
potentially be a downstream consequence of hydrocephalus (Brown et al., 2023). We see no
evidence of ventricular enlargement in the Csf1rE631K/* prains even at 15 months of age (Stables
et al., 2022). Whether the difference between the Csf1rE631K* and Csflr*- models is due to a
subtle difference in mouse genetic background cannot be determined. Here we have addressed
the possible importance of genetic background by examining the interaction between
heterozygous Csflr and Cx3crl mutations. This is analogous in some respects to the
conditional heterozygous knockout of Csflr described by others (Arreola et al., 2021; Biundo
etal., 2020). By contrast to the report by Gyoneva et al. (Gyonevaet al., 2019) the heterozygous
Cx3crl mutation alone had no effect apart from the expected 50% reduction in Cx3crl mRNA
(Faust et al., 2023). In the double heterozygotes a small subset of “homeostatic” microglia-
specific transcripts (Salll, Ikzfl, P2ryl12, Gpr34, Tgfbrl, Itgam) was further down-regulated.
Hence, microglial dyshomeostasis reported in conditional heterozygous Csflr mutation likely
depends upon the Cx3crl-cre driver (Arreola et al., 2021). We also observed a coordinated
decrease in expression of transcripts encoding receptors for neurotransmitters and multiple
genes involved in glutamate metabolism. These changes in hippocampal and striatal gene

expression were not evident in microglia-deficient homozygous Csf1rAFRE mice (Rojo et al.,
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2019) or in mice depleted of microglia using a CSF1R kinase inhibitor (Elmore et al., 2014)
where the only significant change was the loss of the microglial signature. CX3CR1/CX3CL1
signaling may regulate postnatal maturation of glutamatergic/GABAergic synapses but the
effects of homozygous Cx3crl mutations are relatively small (Basilico et al., 2022; Basilico et
al., 2019; Bertot et al., 2019; Corsi et al., 2022) and gene expression has not been reported. The
complex interaction between CSF1R and CX3CR1 was evident in a reported decline in
spontaneous and evoked glutamatergic activity in chronic PLX5622-treated mice that was
prevented in Cx3crl” mice (Basilico et al., 2022). The effect of the double heterozygote on
gene expression is also quite distinct from the Csf1r* Cx3cr1¢* model (Arreola et al., 2021;
Biundo et al., 2020) and the minimal effects of inducible Cx3cr1&R2Ce’™* (Faust et al., 2023).
The important conclusion is that there is clear evidence of epistasis. In the context of human
disease, the most obvious potential epistatic interaction for CSF1R mutations would be with
the common variants in the APOE gene that regulate microglial function and are associated
with susceptibility to dementia (Haney et al., 2024).

Amongst the genes down-regulated specifically in the double heterozygote, Adnp (activity-
dependent neurotropic protein) was reduced 75-85% in both hippocampus and striatum. ADNP
is a transcription factor component of the SWI/SNF chromatin remodeling complex. Mutations
in humans are associated with a neurodevelopmental syndrome and haploinsufficiency in mice
leads to synaptic plasticity defects, excessive long-term potentiation and impaired learning and
memory (Cho et al., 2023). The most down-regulated neurotransmitter receptor gene, Gabrb2,
encodes the B2 subunit that combines with the a and y subunits to form the most abundant
mammalian subtype of GABA-A receptors, induced during postnatal development. Mutations
in this gene are also associated with a wide range of neuropathologies in humans and in mice
(Barki and Xue, 2022). Aside from the direct relevance to understanding CSF1R-related

encephalopathies, these results demonstrate that the impact of heterozygous loss of CX3CR1
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cannot be ignored in models in which Cx3crl-cre is used to drive conditional deletions of genes
of interest in microglia (Faust et al., 2023).

We investigated the effect of Csf1r¥63<* in two experimental models of neuropathology, prion
disease and autoimmune encephalitis. Expression profiling and immunolocalization of
microglia was consistent with the role of CSF1R signaling in microgliosis and the dominant-
negative model (Stables et al., 2022) in that both basal and increased microglial signatures were
repressed. Previous studies in the Csf1rAFIRE mice described a more rapid onset of pathology in
both prion disease (Bradford et al., 2022) and an Alzheimer’s model (Kiani Shabestari et al.,
2022). The analysis of the prion model here indicates that CSF1R signaling is required for both
basal maintenance of microglia and to generate and sustain the increase in microglial
population in response to prion infection (Askew et al., 2017). Since microgliosis is driven by
increased CSF1R signals, the result is consistent with the dominant-negative model. However,
by contrast to the effect of complete microglial deficiency (Bradford et al., 2022) and treatment
with a CSF1R kinase inhibitor (Carroll et al., 2018) the reduction in absolute microglial
abundance in the Csf1r¥631K* mice was not sufficient to alter the course of disease.

Montilla et al. (Montilla et al., 2023) reported a delay in disease onset in EAE when microglia
were depleted more completely with PLX5622. Microglial expansion and inflammatory
activation in response to EAE was reduced in the Csf1r%* mutant mice but this reduction
was not sufficient to alter the disease course nor to prevent profound alterations in microglial
gene expression within the brain. The relative deficiency of microglia Csf1rE3X* mice may
actually exacerbate myelin loss in the spinal cord (Figure 6) consistent with their proposed
role in preservation of myelin integrity (McNamara et al., 2023).

Taking all of the data together, the primary CSF1R-dependent function of microglia appears to
be neuroprotective (Chadarevian et al., 2024; McNamara et al., 2023; Munro et al., 2024). By

extension, the loss of that function in individuals with dominant-acting mutations in CSF1R
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likely predisposes to neuropathology triggered by environmental stimuli (e.g. diet, infection,
autoimmunity) and/or by interaction with other genetic variants that compromise microglial

function including the numerous genetic variants associated with susceptibility to dementia or

chronic inflammatory disease.
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Materials and Methods

Animal breeding

In the original generation of the Csf1rf631K/* |ine (C57BL/6J.Csf1rEmiUman (Tg16)) donor and
recipient mice were C57BL/6JOlaHsd. The progeny were further backcrossed at least 10 times
to C57BL/6JCrl. These mice were used for studies of prion disease in Edinburgh. Subsequent
to the transfer to Australia, the mice were rederived and bred and maintained in specific
pathogen free facilities at the University of Queensland (UQ) facility within Translational
Research Institute. To enable visualisation of myeloid populations in tissues, the Csf1r83K Jine
was bred to the Csflr-EGFP reporter transgenic line (Sasmono et al., 2003) also backcrossed
>10 times to the C57BL/6JArc genetic background. Cx3crl-EGFP mice on the C57BL6/J
background (Jung et al., 2000) were imported and maintained by the University of Queensland
Biological Resources. Genotyping of the mouse lines was carried out as described previously
(Jung et al., 2000; Sasmono et al., 2003; Stables et al., 2022). All studies in Australia were
approved by the Animal Ethics Committee of the University of Queensland. Mice were housed
in individually ventilated cages with a 12 h light/dark cycle, and food and water available ad
libitum. They were bred under specific pathogen free conditions. The in vivo mouse studies
undertaken in the UK were performed under the authority of a UK Home Office Project Licence
and in accordance with the regulations of the UK Home Office ‘Animals (scientific procedures)
Act 1986°. Approval to undertake these studies was obtained following review by the
University of Edinburgh’s ethical review committee.

Key reagents

All key reagents including source and catalogue number are provided in Table 1.

Tissue processing

For immunohistochemistry (IHC) tissues were post-fixed in 4% paraformaldehyde (PFA) for

~6 h, then transferred to Phosphate Buffered Saline (PBS) with 0.01% sodium azide. A cohort
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of animals were fixed via transcardiac perfusion using PBS followed by 4% PFA. Tissues were
embedded in paraffin and sectioned using core histology facilities at the Roslin Institute,
Edinburgh or the Translational Research Institute, Brisbane. Alternatively, tissues were
cryoprotected in a 15% then 30% sucrose solution in PBS overnight, then frozen in OCT.
Immunohistochemistry

For IHC analysis of brain and spinal cord tissue from EAE experimental animals, sections were
cut using a Leica RM2245 microtome or a Leica CM1950 cryostat. 12um frozen sections were
placed directly on Superfrost Plus Gold slides and kept at -30°C until IHC. 30um serial sagittal
sections were collected from Cx3cr1®FP* animals in a tempero-medial manner (1 in 12 series)
using a vibratome (Leica VT 1200S) and kept as free-floating sections in ice-cold PBS. Free-
floating brain sections were incubated at room temperature (RT) for 30 min in permeabilization
buffer (0.1% Triton-X100 in PBS) followed by 90 min in blocking solution (5% normal goat
serum (NGS), 0.3% Triton-X100 in PBS). Sections were then incubated overnight at 4°C under
orbital agitation in primary antibody against defined surface markers. Following 3 x 10 min
washes in permeabilization buffer, slices were incubated in the appropriate secondary antibody
diluted in blocking solution, for 90 min at RT in the dark. Slices were then washed in
permeabilization buffer, followed by a 5 min incubation with 4',6-diamidino-2-phenylindole
(DAPI) diluted in PBS, and a further 10 min wash in permeabilization buffer. All sections were
washed with PBS for 5 min and mounted with Fluorescence Mounting Medium. Images were
acquired on an Olympus FV3000 confocal microscope.

For the prion infection study, paraffin-embedded sections (thickness 6 um) were deparaffinised
and pre-treated by autoclaving in target retrieval solution at 121°C for 15 min. Endogenous
peroxidases were quenched by immersion in 4% hydrogen peroxide in methanol or PBS for 10
min. Prior to immunostaining to detect PrP using the prion-specific antibody described

previously (McCutcheon et al., 2014), sections were immersed in 98% formic acid for 10 min.
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Immunoreactive prions were then detected using the Vectastain avidin-biotin complex (ABC)
kit with 3,3’-diaminobenzidine tetrahydrochloride (DAB) as a substrate. Sections were
counterstained with haematoxylin before mounting and imaging. Stained sections were imaged
using a Brightfield Eclipse Ni-E light microscope (Nikon Instruments Europe BV, Amsterdam,
Netherlands) and images captured using Zen 2 software (Carl Zeiss Ltd. Cambridge, United
Kingdom), or on a VVS120 Olympus slide scanner. For EAE spinal cord sections, whole-slide
digital imaging was performed on the VS120 Olympus slide scanner. GFP* was imaged on a
confocal microscope (FV3000 Olympus).

Image Analysis

For the prion disease model, IBA1, GFAP, Luxol Fast Blue (LFB) and disease-specific PrP
(PrPS¢*) immunostaining was performed and quantified using Fiji/lmageJ software
(http://imagej/nih.gov/ij) using the analyse particle algorithm as described previously
(Bradford et al., 2022). In the EAE model, DAPI staining was used to identify lesions within
white and grey matter infiltrated by immune cells in the spinal cord. GFP*, GFAP* and MBP*
areas in the spinal cord were quantified using ImageJ (https://imagej.net/). The percentage area
of positive staining was calculated using the ‘measure’ tool in ImagelJ, following adjustment
of the stain specific threshold, which was kept consistent for all mice.

RNA purification and qRT-PCR analysis

For RNA sequencing, RNA was extracted from brain regions using TRI Reagent according to
manufacturer's instructions. For each extraction ~100 mg of tissue was processed using 1 ml
reagent. RNA pellets were dissolved in UltraPure™ DNAse, RNAse free Distilled Water. RNA
quantity was measured using a NanoDrop One. DNase | treatment was used to eliminate
genomic DNA contamination of RNA preparations. For gRT-PCR analysis in the prion model,
RNA isolation and expression quantification was performed as described previously (Bradford

et al., 2022). The primer sequences used are shown in Table 1.
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RNA-seq analysis

Library preparation and sequencing was performed at the University of Queensland
Sequencing Facility (University of Queensland, Brisbane, Australia). Bar-coded mRNA-Seq
libraries were generated using the Illumina Stranded mRNA Library Prep Ligation kit. The
RNA libraries were pooled in equimolar ratios prior to sequencing using the lllumina NovaSeq
6000. Paired-end 102 bp reads were generated using either a NovaSeq 6000 S1 reagent kit v1.5
(200 cycles) or an SP reagent kit v1.5 (200 cycles). After sequencing, fastq files were created
using bcl2fastq2 (v2.20.0.422). The sequencing depth ranged from 15-20 million reads per
sample. Raw sequencing data (in the form of .fastq files) was provided by the sequencing
facility for further analysis.

Raw reads were pre-processed raw reads using fastp v0.23.2 (Chen et al., 2018) and quality
controlled using FastQC as described previously (Keshvari et al., 2021).

Transcript expression levels were quantified as transcripts per million using the pseudo-aligner,
kallisto (v0.46.0) (Bray et al., 2016). The reference transcriptome used was created by
combining the unique protein-coding transcripts from the Ensembl and NCBI RefSeq
databases of the GRCm39 annotation, as previously described (Summers et al., 2020). Kallisto
expression files were imported into RStudio (R version 4.2.1) using the tximport package
(v1.24.0) to collates the transcript-level expression generated by Kallisto into gene-level
expression for use by downstream tools.

Infection with prions and clinical disease assessment

Prion infection was established directly in the CNS by intracerebral (1C) injection into the right
medial temporal lobe with 20 pL of a 1% (weight/volume) brain homogenate prepared from
mice terminally infected with mouse-passaged ME7 scrapie prions. The mice were coded and
assessed blindly at daily intervals for development of clinical signs of prion disease and culled

at the times indicated or at an established humane end-point upon the development of terminal
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clinical signs of prion disease (Donaldson et al., 2020). At the end of the experiment each brain
was removed and halved sagittally across the midline. One brain half was immediately flash
frozen at the temperature of liquid nitrogen for gene expression or protein analysis, the other
brain half was fixed in 10% neutral buffered formalin for histopathology. Brain sections were
prepared and haematoxylin & eosin (H&E) stained, and clinical prion disease was confirmed
by histopathological assessment of the magnitude and distribution of the spongiform vacuolar
degeneration in nine grey matter areas using a 0-5 scale and three white matter areas using a 0-
3 scale: G1, dorsal medulla; G2, cerebellar cortex; G3, superior colliculus; G4, hypothalamus;
G5, thalamus; G6, hippocampus; G7, septum; G8, retrosplenial and adjacent motor cortex; G9,
cingulate and adjacent motor cortex; W1, inferior and middle cerebellar peduncles; W2,
decussation of superior cerebellar peduncles; and W3, cerebellar peduncles (Fraser and

Dickinson, 1967).

Western blot detection of prion protein

Prion-specific PrPS¢ was detected in flash-frozen brain samples by Western blotting as
described previously (Bradford et al., 2017). Briefly, brain homogenates (10% weight/volume)
were prepared in NP40 lysis buffer (1% NP40, 0.5% sodium deoxycholate, 150 mM NacCl, 50
mM TrisHCI [pH 7.5]). To detect relatively proteinase-resistant PrPS¢ a sample of the
homogenate was treated with 20 pg/ml proteinase K (PK) at 37°C for 1 h. The digestion was
stopped by addition of 1 mM phenylmethylsulfonyl fluoride. Samples were then denatured by
incubation at 85°C for 15 min in 1X SDS sample buffer and separated via electrophoresis using
Nupage 12% Tris-glycine polyacrylamide gels. Proteins were then transferred to
polyvinylidene difluoride (PVDF) membranes by semi-dry electroblotting and PrP detected
using mouse monoclonal antibody BH1 (McCutcheon et al., 2014) and B-actin detected using
mouse monoclonal antibody C4. Membranes were subsequently stained with horseradish

peroxidase-conjugated goat  anti-species-specific antibody and visualised using
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chemiluminescence. The relative abundance of PrP in each sample on the Western blots was
compared by densitometric analysis using ImageJ software. The PrP abundance in each sample
was normalised to B-actin and expressed as the percentage PrP relative to the mean value in the
PBS-treated controls.

EAE Induction and Monitoring

The optimised mouse EAE model was described previously (Khan et al., 2014). Briefly, heat-
killed Mycobacterium tuberculosis (HKMT) was dissolved in incomplete Freud’s adjuvant at
10mg/ml. Myelin oligodendrocyte glycoprotein (MOG) was dissolved in sterile 1x PBS to give
a final concentration of 2mg/ml. A 1:1 ratio of the premade HKMT/IFA and MOG solutions
were mixed using microliter syringes (Hamilton, Franklin, MA). Microemulsion of these
solutions was regarded as complete when the solution became a creamy white emulsion. Adult
female mice were anaesthetised with isofluorane and injected s.c. with a 50ul of the HKMT
MOG microemulsion in the right and left flank, close to the draining lymph nodes (100pl total).
An i.p. injection of 0.1ml 2ng/ul of pertussis toxin (PTX) (for a total dose of 200ng) was
administered. The 200ng PTX i.p injection was repeated 48 h post-immunisation.

Mice were assessed daily for EAE disease symptoms ranging from limp tail to quadriplegia
using a 5-point scale with half point graduations as described (Khan et al., 2014). Body weight
was measured and the daily body weight percentage from Day 0 was calculated. Mice were
given a facial grimace, coat condition, and hunching score. These scores were totalled. A score
of 3 in any category, total score of more than 8, or clinical score of 3.5 (bilateral hindlimb and

one forelimb paralysis) indicated euthanasia was appropriate.

Statistics
Statistical significance between groups was tested using Prism 7.0 software (GraphPad, San
Diego, United States). Unpaired student’s t-testings of Mann-Whitney t-testing was used to

compare two groups (noted in figure legends). For comparisons of 3 or more, two-way
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ANOVA with subsequent Sidak's multiple comparison testing was used. For the PrPS¢ analysis,
datasets were first compared for normality using the Shapiro-Wilk normality test. Differences
between groups were then compared using One-Way ANOVA and post-hoc Tukey multiple
comparisons tests. Survival curve data for prion infected mice in each treatment group were
compared by Log-rank (Mantel-Cox) test. Data are shown as dot plots of individual animal
observations with median values indicated by a horizontal bar. Body weight and brain lesion

profile data are presented as mean + SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Tris-Glycine SDS sample buffer Life Technologies | LC2676
NuPage™ 12% Tris-glycine polyacrylamide gels Life Technologies | WXP01212
Mycobacterium tuberculosis Invivogen tirl-hkmt-1
Incomplete Freud’s adjuvant Merck F5506
Myelin oligodendrocyte glycoprotein (35-55) Mimetopes 51716-001
Pertussis toxin Merck P7208



https://doi.org/10.1101/2024.06.12.598773
http://creativecommons.org/licenses/by-nc-nd/4.0/

Primer

Forward Primer Sequence

Reverse Primer Sequence

Target

Aifl GGATCAACAAGCAATTCCTCGA CTGAGAAAGTCAGAGTAGCTGA
Csflr AGGCAGGCTGGAATAATCTGACCT CGTCACAGAACAGGACATCAGAGC
Cx3crl CAGCATCGACCGGTACCTT GCTGCACTGTCCGGTTGTT

I11b TGCCACCTTTTGACAGTGATG TGATGTGCTGCTGCGAGATT
Tmem119 GTGTCTAACAGGCCCCAGAA AGCCACGTGGTATCAAGGAG

116 ACCAGAGGAAATTTTCAATAGGC TGATGCACTTGCAGAAAACA
P2ry12 GGGCGTACCCTACAGAAACA TGGGAGGGCCGATGTTATTG

Itgam TGGCCTATACAAGCTTGGCTTT AAAGGCCGTTACTGAGGTGG

Tnf TGTGCTCAGAGCTTTCAACAA CTTGATGGTGGTGCATGAGA

55
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